We are developing dual-band infrired (DBIR) imaging and detection techniques to inspect airframes and concrete bridge decks for hidden corrosion damage. Using selective DBIR image ratios, we enhanced surface temperature contrast and removed surface emissivity noise associated with clutter. Our surface temperature maps depicted defect sites, which heat and cool at different rates than their surroundings. Our emissivity-ratio maps tagged and removed the masking effects of surface clutter. For airframe inspections, we used time-resolved DBIR temperature, emissivity-ratio and composite thermal inertia maps to locate corrosion-thinning effects within a flash-heated Boeing 737 airframe. Emissivity-ratio maps tagged and removed clutter sites from uneven paint, dirt and surface markers. Temperature and thermal inertia maps characterized defect sites, types, sizes, thicknesses, thermal properties and material-loss effects from airframe corrosion. For concrete inspections, we mapped DBIR temperature and emissivity-ratio patterns to better interpret surrogate delamination sites within naturallyheated, concrete slabs and removed the clutter mask from sand pile-up, grease stains, rocks and other surface objects.
INTRODUCTION
This paper investigates recent advances in thermography for nondestructive inspections (NDI) of aluminum airframes and concrete bridge decks. Infrared imaging has the potential of rapidly inspecting large areas at video frame rates (30 frames per second) to provide an early warning of subsurface defects (e.g., corrosion thinning and by-products, voids, disbonds, cracks and delaminations). Using single-band infrared (SBIR) imaging methods, scientists have successfully depicted the sites of subsurface defects in manmade structures [1] [2] [3] [4] [5] [6] . However, SBIR methods impede detection of weak heat flow anomalies from hidden corrosion, since emissivity-noise from clutter is often larger than temperature signals from hidden defects.
We used a stimulated, emissivity-corrected, dual-band infrared (DBIR) method to image weak heat flows which occur in association with subsurface defects in manmade structures. Typically, the DBIR method provides from five to ten times improved signal-to-noise, and better interpretability, compared to SBIR methods. Previous DBIR applications have depicted:
S Geothermal aquifers under 6 to 60 meters of dry soil [7, 8] , S Cemetery walls, trenches and a building foundation under 80 cm of asphalt and debris [9] , S Buried mines, rocks and objects under 1 to 20 cm of disturbed sand, soil, or sod [9] [10] [11] [12] [13] [14] [15] , S Airframe corrosion within a lap splice under 1 mm or 2 mm of exposed aluminum skin [15-18].
DUAL-BAND INFRARED (DBIR) THERMAL IMAGING BACKGROUND
Using the patented passive DBIR thermal imaging method [19], we imaged two simultaneously recorded infrared wavelength bands at 3-5 im and 8-12 m. We exploited a property of Planck's Radiation law, that at 288 K (15 °C), the DBIR radiant emittance signals varied as emissivity times absolute temperature (T) to the power (501X) where ? is the wavelength in rim. This method provides the rationale to select DBIR image ratios, which decouple surface temperature-difference signals from spatially varying surface-emissivity noise [20] . The DBIR method clarifies thermal image interpretation by removing noise.
To obtain precise airborne temperature survey maps, we measure true (corrected) temperatures by applying four corrections to the image data. The first is a correction to adjust the radiometric (brightness) data at the two wavelengths for the ambient background. The second correction applies the power law relationship between signal intensities and surface temperatures. The third correction accounts for air-path absorption of the DBIR signals, while the fourth correction takes into account reflected sky radiation backgrounds [7, 8] .
We mapped apparent temperatures near 5 jim and 10 jim, enhanced temperatures (proportional to T5) and the emissivity-ratio (E-ratio): (Ei0)2 / E for solar-heated and heat-stimulated targets. Temperature maps of solar-heated, underground targets have patterns of conducted heat generated at subsurface object sites which heat and cool at different rates than the sites of the surrounding materials [9] [10] [11] [12] [13] [14] [15] . Temperature maps of flash-heated metallic targets have shown hidden defects and corrosionrelated material-loss effects which can be used for nondestructive inspection of airframes as described below [15-18].
STIMULATED DBIR IMAGING OF AIRFRAME CORROSION EFFECTS
We flash-heated aircraft structures to locate hidden corrosion pockets, disbonds (within lap joints) and other subsurface defects [15] [16] [17] [18] . We used DBIR image ratios from DBIR cameras which scan infrared at 3-5 jim and 8-12 im to enhance surface temperature contrast and remove the mask of surface emissivity clutter from dirt, dents, tape, markings, ink, sealants, uneven paint, paint stripper, exposed metal and roughness variations. This clarified interpretation of subtle heat flow anomalies associated with hidden defects and corrosion-related, material-loss effects..
We computed DBIR image ratios of enhanced temperature contrast (T5) and emissivity-ratio (E-ratio) maps, based on an expansion of Planck's radiation law [20] :
where S is the short-wavelength, 3-5 rim, intensity (e.g., 15), Say is the average value of the pixels in S. L is the long wavelength, 8-12 rim, intensity (e.g., 110) and Lay is the average value of the pixels inL.
The Boeing 737 airframe DBIR image and image-ratio maps (see Figure 1 ) show sites with above-ambient temperatures and emissivity-ratios. These maps allow us to distinguish corrosion-related thickness loss effects from emissivity clutter (e.g., from dirt, tape markers, uneven paint, exposed metal and roughness variations on the Boeing 737 fuselage skin).
Corrosion-related thickness-loss effects are best measured at 0.4 seconds after the heat flash. Temperatures at 0.4 s are sensitive to material loss effects within a lap splice and insensitive to timing uncertainties. The timing is early enough to provide a good temperature contrast for sites with and without material loss effects from corrosion. At later times, trapped materials mask the temperature-time history which characterizes material-loss effects for corrosion sites. The temperature contrast seen in Figure 2 remains about the same from 0.4 s to 3.2 s. Corrosion by-products trapped within the lap splice behave like an insulator, after 0.4 s, impeding conduction of heat from the outer to the inner lap splice surface.
We established the correlation between percent thickness loss and above-ambient surface temperature rise, at 0.4 seconds after the heat flash, based on our measurements for five specimens which averaged a 24 5 % thickness loss per °C temperature rise. These specimens included a F-18 partially corroded wing box (with a 2.9 mm uncorroded thickness) and four 1 .0 mm to 3.9 mm thickness aluminum panels with milled, flat-bottom holes, where thickness losses were 6% to 62%.
We mapped the airframe composite thermal inertia, (kpc)l/2, where k is thermal conductivity, p is density, and c is heat capacity. The composite thermal inertia, or effusivity, varies as the inverse slope of the surface temperature versus the inverse square root of time. Thermal inertia maps remove uneven heating effects. Thermal inertia mapping is not a new concept. It has been discussed in reference to other applications [21] [22] [23] [24] . Airframe lap splices have relatively low thermal inertia at sites in Figure 3 , where there are (10 3) percent material-loss effects from corrosion thinning compared to other sites [17, 18] .
Composite thermal inertia maps characterize shallow skin defects within the lap splice at early times (0.0 to 0.3 s), shown in Figure 3 (a), and deeper skin defects within the lap splice at late times (1.6 to 8.0 s), shown in Figure 3 (b). The Boeing 737 composite thermal inertia map, at 1 .6 to 8.0 s, depicted a butterfly-like pattern at the site where corrosion entered the inside, at the backside of the lap splice, beneath the galley and the latrine. Expansion of corrosion by-products at this site produced bulges between the rivets, which is an effect known as "pillowing". The combination of pillowing with lower than ambient thermal inertia values at the same airframe lap splice site confirmed that corrosion thinning was the type of defect detected.
CONCRETE IMAGING TEST PLAN
We discuss the procedure for imaging subsurface defects in concrete and our initial results obtained from limited testing of (small) concrete test slabs. We used commercial DBIR cameras, a 12-bit digital image processing system, specialized algorithms and a tower platform to test the feasibility for imaging subsurface defects in concrete slabs such as are found on bridge decks. We conducted tests under varied environmental conditions (during day and night, for cloudy and clear days).
Four larger concrete test slabs were built (six feet on a side and 6 inches thick) to optimize procedures for mapping hidden delaminations in bridge deck structures. Delaminations can occur near corroded rebars from the expansion of corrosion byproducts. Some of the test slabs were covered with a 2 inch thick layer of asphalt. The slabs provided surrogate concrete bridge deck sections for the purpose of our feasibility study. We plan to conduct field tests from a tower platform to test the optics needed for bridge deck inspections where the JR imagers can be located 10 to 14 feet above the pavement. We used our tests to optimize the DBIR system response to thermal signature differences between normal and defective concrete bridge decks and to clarify interpretation of subsurface cracks, voids and delaminations masked by surface roughness variations, staining, sand, dirt, metal objects, gravel or moisture. We are developing algorithms for image data fusion, clutter rejection and feature extraction, using thermal models to better understand the concrete heat transfer properties.
INITIAL CONCRETE IMAGING EXPERIMENT
Two small ( 2 feet square ) concrete design test slabs were cast to help select the most appropriate delamination materials and evaluate techniques for embedding thermal measuring sensors. Each small slab is 5 1/2 inches thick and contains one layer of #4 rebar in the form of a 16 inch square with a center cross, forming 4 to 8 inch grids and located 2 inches below the surface. See Figure 4 . Slab I contained a surrogate delamination site produced by a rectangular layer of Aerogel (1/2 inch thick, 1.25 inch below the surface, 2.25 inch length by 4 inch width) at the top right corner of Slab I in the diagram of Figure 4 and thethermal images of Figure 5 . This slab also had a 5/8 inch diameter hole through the slab parallel to the surface in place of one center rebar and a 1/8 thick by 6 inch long foam strip wrapped around a portion of rebar to simulate corrosion products.
Slab II contained two styrofoam inserts, four inches square, located 2 inches below and parallel to the surface as shown in the diagram of Figure 4 and depicted by the thermal images shown in Figure 6 . One is 1/8 inch thick and one is 1/4 inch thick. This slab also has one thermistor (temperature) sensor located 2 inches below the surface.
A third (existing) concrete block, 2 inches thick, with a 6 inch width by 9 inch length, was used for surface clutter tests. The objects on the concrete slab surface are shown in Figure 4 . Their thermal images are depicted in Figure 7 . The block has a motor oil stain over 1/3 of its area, two rocks and two metal objects, 3/4 inch in size, placed in different locations.
All three slabs were imaged using an Agema 880 dual band infrared scanner. The two newly cast slabs, located outside and exposed to solar heating, were imaged 24 hours after the concrete was poured. The first scans were done at 7:30 AM and no definite images of the delaminations were seen. At 11 AM, the solar gain was sufficient to show the delamination thermal patterns on the surface temperature image. The temperature at a 2 inch depth was 10.4 °C at 7:08 AM and 21.0 °C at 11:32 AM. Further testing will be an aid for planning times and conditions to optimize bridge deck inspections. (Fig. 5 ), Slab II (Fig. 6 ) and on concrete block (Fig. 7) .
RESULTS AND CONCLUSIONS
DBIR ratios of co-registered 3-5 and 8-12 pm images provide separate temperature and emissivity-ratio maps to improve the defect site signal-to-noise and clarify interpretation of airframe corrosion damage. We established the relationship between a 1 0C temperature rise (0.4 s after the heat flash) and a 24 5 %, corrosion-related, thickness loss. The emissivity-ratio map enabled us to tag (and remove) the surface clutter sites which have spatially varying surface emissivity differences.
Clutter may result from a variety of surface features (e.g., roughness variations, dirt, dents, uneven paint, sealants, stripper materials, cleaner residues, metal markers, tape and ink). The use of emissivity-ratio maps to identify (then remove) clutter sites on co-registered temperature maps is unique at LLNL. Emissivity-ratio maps significantly improve the signal-to-noise (S/N) for siting corrosion damage, by a factor of five or ten, compared to the S/N achievable with SBIR methods. By tagging (and removing) the mask from surface clutter, we clarify interpretation of corrosion damage.
Aircraft skin thickness-loss from corrosion has been measured using dual-band infrared (DBIR) imaging on a flash-heated Boeing 737 fuselage structure. Our procedure mapped surface temperature differences at sites without surface-emissivity clutter. We mapped the lap splice composite thermal inertia, (kpc)1, which characterizes shallow skin defects within the lap splice at early times (<0.3 s) and deeper skin defects within the lap splice at late times (> 1.6 s). Corrosion thinning and byproducts invaded the inside of the Boeing 737 airframe lap splice, beneath the galley and the latrine, where we observed "pillowing" from volume build-up of corrosion by-products.
The initial testing of small concrete test slabs depicted surrogate delamination sites with varying contrast at different times. The larger concrete structures will be cured, aged and tested under various weather conditions. We will optimize the surface temperature contrast associated with subsurface delamination sites and remove the effects of typical surface clutter. Based on the results of our investigations, we expect to improve our capability to inspect actual concrete bridge deck structures under the most appropriate diurnal and seasonal conditions.
At approximately 11:00 a.m., both concrete test slabs had (surrogate) delamination sites which were warmer than their 
